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WHPSHUDWXUHDGGLWLRQDOO\LQIOXHQFLQJWKHUHVLGXDOVWUHVVVWDWH'LVVLPLODULW\LQSURSHUWLHVEHWZHHQVXEVWUDWHDQGFODG
PDWHULDOV IXUWKHU DIIHFWV WKH VHOIHTXLOLEUDWLQJ UHVLGXDO VWUHVV ILHOG 7KH QDWXUH RI WKH UHVLGXDO VWUHVVHV LQ WKH
FRDWLQJFODGGLQJPD\EHWHQVLOHRUFRPSUHVVLYHGHSHQGLQJRQWKHFKDUDFWHULVWLFVRIWKHGLVVLPLODUPDWHULDOVDQGWKH
SURFHVV LQYROYHG 'XH WR WKH LQWHUHVW LQ IDWLJXH SHUIRUPDQFH WKH DULVLQJ UHVLGXDO VWUHVV VWDWH SRVWFODGGLQJ LV
HYDOXDWHG
7HQVLOH UHVLGXDO VWUHVVHV DUH FRPPRQO\ LQGXFHG WKURXJK PDQ\ ZHOGLQJ DQG PDFKLQLQJ SURFHVVHV WKHUHIRUH
SURYLGLQJDQXQGHVLUDEOHVWUHVVVWDWHDWWKHVXUIDFHRIWKHFRPSRQHQW,WLVDOVRFRPPRQWKDWPD[LPXPRSHUDWLRQDO
VWUHVVHV RFFXU DW WKH VXUIDFHV RI FRPSRQHQWV &ODGGLQJ DQG FRDWLQJ SURFHVVHV RIWHQ OHDG WR ODUJH GLVFRQWLQXLW\
VWUHVVHVDWWKHLQWHUIDFHDQGIDWLJXHFUDFNLQJFDQDOVRRFFXUDWWKLVORFDWLRQ7KHUHIRUHWKHDLPRIWKLVFRQFHSWLVWR
REWDLQDFRPSUHVVLYHUHVLGXDOVWUHVVDWWKHFRPSRQHQWVXUIDFHDQGWRDVJUHDWDGHSWKDVSRVVLEOHLQWRWKHFODGVXUIDFH
DQG VXEVWUDWH ZKLOH UHGXFLQJ RU HOLPLQDWLQJ GLVFRQWLQXLW\ VWUHVVHV )LQLWH HOHPHQW PRGHOV RI WKH ZHOG FODGGLQJ
SURFHVV DORQJZLWK H[SHULPHQWDO YDOLGDWLRQ XVLQJ WKH LQFUHPHQWDO KROHGULOOLQJPHWKRG ,&+' GHPRQVWUDWH WKH
DELOLW\WRDSSO\DIDWLJXHUHVLVWDQWFODGGLQJSURFHVVRQVWHHOXVLQJ3+ZLWKFRPSUHVVLYHUHVLGXDOVWUHVVHV
UHVXOWLQJ+RZHYHU WHQVLOHUHVLGXDOVWUHVVHVDUHREWDLQHGLQ WKHFDVHRIDQ,QFRQHOFODG>@7KHUHIRUHDSRVW
FODGGLQJ DXWRIUHWWDJH SURFHVV LV XQGHU LQYHVWLJDWLRQ LQ DQ DWWHPSW WR PRGLI\ WKHVH VWUHVVHV LQWR EHQHILFLDO
FRPSUHVVLYHUHVLGXDOVWUHVVHV$OWKRXJKZHOGFODGGLQJDQGDXWRIUHWWDJHDUHFRPPRQO\XWLOLVHGSURFHVVHVLWDSSHDUV
WKDWWKHUHKDYHEHHQQRSUHYLRXVVWXGLHVRQWKHHIIHFWVRIDXWRIUHWWDJHRIZHOGFODGGLQJ>@
7KH FRQFHSW LV QRW OLPLWHG WR WKH ZHOG FODGGLQJ RI  VWHHO ZLWK ,QFRQHO  RU  3+ ZLWK SRWHQWLDO
DSSOLFDELOLW\WRRWKHUFRDWLQJVDQGFODGGLQJVDSSOLHGWRVXEVWUDWHVIRUWKHSXUSRVHVRILPSURYLQJHURVLRQFRUURVLRQ
WKHUPDORSWLFDODQGRWKHUSHUIRUPDQFHPHDVXUHVSDUWLFXODUO\ZKHUHF\FOLFORDGLQJLVSUHVHQW6LPLODUFKDUDFWHULVWLFV
KDYHEHHQREVHUYHGLQODVHUFODGGLQJXVLQJWKHVHPDWHULDOFRPELQDWLRQVQRWUHSRUWHGKHUHLQ
1.1. Weld clad simulation review 
$ VLPSOLILHG ILQLWH HOHPHQW VLPXODWLRQ RI D ZHOG FODG F\OLQGHU ZDV REWDLQHG WKURXJK D WZRGLPHQVLRQDO
D[LV\PPHWULFPRGHODVVXPLQJWKHHQWLUHFODGOD\HULVGHSRVLWHGRQWKHLQQHUGLDPHWHURIDF\OLQGHULQRQHVWHS$
WKHUPDOWUDQVLHQWVWUHVVDQDO\VLVFRQVLVWHGRIDSLSHSUHKHDWHGWRRQHRIWZRWHPSHUDWXUHVRU&SULRUWRWKH
DSSOLFDWLRQRIWKHZHOGPDWHULDODWPHOWWHPSHUDWXUH7KHHQWLUHFRPSRQHQWZDVWKHQVXEMHFWHGWRVORZFRROLQJRQ
WKH LQQHU DQG RXWHU VXUIDFHV XVLQJ D FRQYHFWLYH KHDW WUDQVIHU FRHIILFLHQW K :P. /DWHQW KHDW HIIHFWVZHUH
QHJOHFWHG DQG UDGLDO HGJHVRI WKHPRGHOZHUH LQVXODWHG WR VLPXODWHQR D[LDO KHDW WUDQVIHU$EXON WHPSHUDWXUHRI
& ZDV DSSOLHG UDGLDWLRQ KHDW WUDQVIHU ZDV QHJOHFWHG DQG 3RLVVRQ
V UDWLR DVVXPHG FRQVWDQW ZLWK WLPH DQG
WHPSHUDWXUH 3ODQH VWUDLQ FRQGLWLRQV ZHUH DSSOLHG RQ UDGLDO OLQHV DQG DQ HODVWLFSHUIHFWO\ SODVWLF PDWHULDO PRGHO
DVVXPHGZLWKWKHXVHRIWHPSHUDWXUHGHSHQGHQWWKHUPDODQGPHFKDQLFDOPDWHULDOSURSHUWLHV7KHVHSURSHUWLHVZHUH
H[SHULPHQWDOO\REWDLQHGIRUFODGDQGKHDWDIIHFWHG]RQH+$=UHJLRQVWRHQVXUHDFFXUDWHFDSWXULQJRIWKHPDWHULDO
EHKDYLRXUPRVWFUXFLDOO\HQVXULQJSKDVHFKDQJHVDUHDFFRXQWHGIRUZKHUHUHOHYDQW
7KH DVVXPSWLRQVPDGH LQ WHUPV RIPRGHO JHRPHWU\ DQG EHKDYLRXU DUH FRQVLVWHQWZLWK WKH H[SHULPHQWDOZHOG
FODGGLQJSURFHVVUHIOHFWHGLQWKHUHVXOWVGLVFXVVHG
)LJXUHVKRZVWKHFODGF\OLQGHUGLPHQVLRQVLQPLOOLPHWUHVDQGWKHDVVRFLDWHGD[LV\PPHWULFILQLWHHOHPHQWPRGHO
)LJVKRZVWKHUHVXOWVIRUWKHDVFODGVHOIHTXLOLEUDWLQJUHVLGXDOVWUHVVGLVWULEXWLRQDORQJWKHD[LV\PPHWULFPRGHO
IRUDQ,QFRQHOFODGRQVWHHO


)LJ$[LV\PPHWULFILQLWHHOHPHQWPRGHO&ODGGHSRVLWLRQRQLQQHUGLDPHWHURIF\OLQGHUGLPHQVLRQVLQPP
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
)LJ+RRSUHVLGXDOVWUHVVGLVWULEXWLRQ,QFRQHOFODGF\OLQGHU
7KHFODGPRGHO LQLWLDOO\SURGXFHVKLJKELD[LDO WHQVLOH UHVLGXDO VWUHVVHV LQ WKHFODG OD\HUDQG LQWR WKHVXEVWUDWH
+RRSVWUHVVHVLQWKHFODGOD\HUDUHWHQVLOHIRUERWKVXEVWUDWHSUHKHDWWHPSHUDWXUHYDOXHVDQGWKHHIIHFWGXHWRSUH
KHDW WHPSHUDWXUH LV VHHQ WREHQHJOLJLEOH'XH WR WKHGLVVLPLODULW\ LQ WKHPDWHULDOVDGLVFRQWLQXLW\VWUHVVZLOODOVR
LQYDULDEO\ H[LVW DW WKH LQWHUIDFH EHWZHHQ WKH FODGGLQJFRDWLQJ DQG WKH VXEVWUDWH 7KH GLVFRQWLQXLW\ VWUHVV FDQ EH
VLJQLILFDQWO\ KLJKHU WKDQ WKH VWUHVV LQ WKH FODG PDWHULDO DV LV DOVR VKRZQ WR EH WKH FDVH KHUH )URP D IDWLJXH
YLHZSRLQWFUDFNVPD\GHYHORSDWHLWKHUWKHFODGFRDWLQJVXUIDFHRUWKHLQWHUIDFHDVPHQWLRQHGSUHYLRXVO\GHSHQGLQJ
RQ WKH QDWXUH RI WKH FRPELQHG UHVLGXDO DQG RSHUDWLRQDO VWUHVV GLVWULEXWLRQV DQG WKH IDWLJXH VWUHQJWK RI WKH DV
GHSRVLWHGPDWHULDOVLQYROYHG
9DOLGDWLQJµDVFODG¶UHVLGXDOVWUHVVHV
/LPLWHGYDOLGDWLRQRIVLPXODWLRQUHVLGXDOVWUHVVHVWRDGHSWKRIPPZDVREWDLQHGXVLQJWKHLQFUHPHQWDOFHQWUH
KROHGULOOLQJ,&+'PHWKRG,&+'LVDUHOD[DWLRQPHWKRGZKLFKPHDVXUHVVWUDLQVLQWKHYLFLQLW\RIDGULOOHGKROH
WKURXJKWKHDSSOLFDWLRQRIDVWUDLQJDXJHURVHWWHRQWKHVXUIDFHRIWKHFRPSRQHQW>@7KHVHVWUDLQYDOXHVDUHWKHQ
FRQYHUWHGLQWRVWUHVVHVZLWKWKHFRPSDULVRQEHWZHHQVLPXODWLRQDQGH[SHULPHQWDOKRRSVWUHVVYDOXHVVKRZQLQ)LJ
5HVXOWVDUHVKRZQIRUDVWHHOF\OLQGHUZLWKSUHKHDW WHPSHUDWXUH&H[WHUQDOO\FODGZLWK,QFRQHO
ZLWKWKHVDPHGLPHQVLRQVDQGFODGWKLFNQHVVDVDQLQWHUQDOO\FODGF\OLQGHU
0DFKLQLQJRIWKHZHOGSURILOHZDVUHTXLUHGWRHQDEOHWKHVWUDLQJDXJHURVHWWHWREHODLGRQWKHVXUIDFHRIWKHZHOG
FODG F\OLQGHU DQG WKHVH VXUIDFH HIIHFWV FDQ EH VHHQ LQ KRRS VWUHVV YDOXHV LQ WKH ILUVW PLFURQV IURP WKH FODG
VXUIDFH2YHUDOO KRZHYHU FRUUHODWLRQ EHWZHHQ KRRS VWUHVV YDOXHV REWDLQHG WKURXJK VLPXODWLRQ DQG H[SHULPHQWDO
PHDQVLVJRRG([SHULPHQWDOPHDVXUHPHQWVDOVRHVWDEOLVKHGWKHD[LV\PPHWULFQDWXUHRIWKHUHVXOWV
)XUWKHU PRGHO YDOLGDWLRQ LQFOXGHG DXWRIUHWWDJH SUHGLFWLRQV IRU D SUHVVXUL]HG SODLQ F\OLQGHU IRU ZKLFK JRRG
DJUHHPHQWZLWKWKHRU\ZDVREWDLQHGDVSUHVHQWHGKHUHLQ
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
)LJ&RPSDULVRQRIVLPXODWLRQDQGH[SHULPHQWDOKRRSUHVLGXDOVWUHVVYDOXHV,QFRQHOFODGF\OLQGHU
0RGLI\LQJµDVFODG¶UHVLGXDOVWUHVVGLVWULEXWLRQ
,Q WHUPVRI WKH1$&(,QWHUQDWLRQDOUHJXODWLRQV>@ WKHXVHRI,QFRQHODVDZHOGFODGPDWHULDOSUHVHQWVQR
LVVXHVLQFRPSOLDQFHZLWKWKHUHJXODWLRQV7KHEHQHILFLDOSURSHUWLHVRIHURVLRQDQGFRUURVLRQUHVLVWDQFHSURYLGHGE\
,QFRQHO  DUH UHFRJQL]HG DQG WKHUHIRUH SRVWFODGGLQJ SURFHVVHV DUH LQYHVWLJDWHGZLWK D YLHZ WR LPSURYLQJ WKH
UHVLGXDOVWUHVVVWDWHDQGXOWLPDWHO\WKHIDWLJXHUHVLVWDQFHLQWKHFDVHRIVWHHOFODGZLWK,QFRQHO
7KHUH DUH WKUHH FKDUDFWHULVWLFV RI WKH W\SLFDO DVFODG UHVLGXDO VWUHVV GLVWULEXWLRQ VKRZQ LQ)LJ  WKDW FRXOG EH
PRGLILHGLQDPDQQHUWKDWZRXOGLPSURYHWKHIDWLJXHSHUIRUPDQFHRIWKHFRPSRQHQW
$7UDQVIRUPDWLRQ RI WKH WHQVLOH UHVLGXDO VWUHVV WR D FRPSUHVVLYH UHVLGXDO VWUHVVZLWK DV KLJK DPDJQLWXGH DV
SRVVLEOH WKURXJKRXW WKH WKLFNQHVV RI WKH FODG 7KLVZRXOG UHGXFH WKH OLNHOLKRRG RI VXUIDFH FUDFNV LQLWLDWLQJ DQG
SURSDJDWLQJ ZLWK WKLV SURWHFWLRQ RIIHUHG LQ DQ HURVLYHFRUURVLYH HQYLURQPHQW XQWLO WKH FODG WKLFNQHVV KDV EHHQ
UHPRYHG
%(OLPLQDWLRQRUDW OHDVWDGHFUHDVH LQ WKH OHYHORI WHQVLOHGLVFRQWLQXLW\VWUHVVDW WKH LQWHUIDFH OHDGLQJ WR WKH
UHGXFWLRQRIWKHOLNHOLKRRGRIFUDFNVLQLWLDWLQJDQGSURSDJDWLQJDWWKHLQWHUIDFHEHWZHHQWKHFODGDQGVXEVWUDWH
&$VVXPLQJWKDW$LVDFKLHYHGLWZRXOGEHGHVLUDEOHIRUWKHFURVVRYHUSRLQWEHWZHHQFRPSUHVVLYHDQGWHQVLOH
UHVLGXDOVWUHVVHVWREHDWDVJUHDWDGHSWKDVSRVVLEOH:KLOHQRWDVVLJQLILFDQWDV$DQG%WKLVZRXOGEHGHVLUDEOHGXH
WRWKHUHGXFWLRQLQFUDFNLQLWLDWLRQDQGSURSDJDWLRQSRWHQWLDOWRDJUHDWHUGHSWKEHORZWKHVXUIDFHDQGLQWHUIDFH7KLV
ZRXOGDOVRSURYLGHSURWHFWLRQWRDJUHDWHUGHSWKLQDQHURVLRQFRUURVLRQHQYLURQPHQW
7RDFKLHYHWKHVHWKUHHJRDOVWKHUHDUHYDULRXVRSHUDWLRQVWKDWFRXOGEHLPSOHPHQWHGGHSHQGLQJRQWKHZKHWKHU
WKLV PRGLILFDWLRQ VKRXOG WDNH SODFH LQ WKH GHVLJQ SURFHVV RU SRVWFODGGLQJ SKDVH :HOG DQG ODVHU FODGGLQJ
LQYHVWLJDWLRQVKDYHFRQILUPHGWKDWJRDO$FDQEHDFKLHYHGWKURXJKFDUHIXOVHOHFWLRQRIVXEVWUDWHDQGFODGPDWHULDOV
ZLWK VLJQLILFDQW FRPSUHVVLYH UHVLGXDO VWUHVVHV REWDLQHGXVLQJ D 3+ FODG RQ  VWHHO >@$OWHULQJ SURFHVV
SDUDPHWHUVDOORZVIXUWKHUDGMXVWPHQWRIWKHUHVLGXDOVWUHVVVWDWHLQDFODGFRPSRQHQW*RDO%ZRXOGEHSRVVLEOHE\
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JUDGLQJWKHWUDQVLWLRQDWWKHLQWHUIDFHEHWZHHQWKHGLVVLPLODUPDWHULDOV7KHQXPEHUDQGWKLFNQHVVRIWUDQVLWLRQOD\HUV
LVDYDULDEOHWKDWZLOOEHERWKDSSOLFDWLRQDQGSURFHVVGHSHQGHQW,WLVXQNQRZQDWWKLVSRLQWLQWLPHDVWRWKHHIIHFW
VXFKJUDGLQJZRXOGKDYHRQJRDO$
,QYHVWLJDWLRQRIWKHHIIHFWVRIKHDWWUHDWPHQWRQWKHVLPXODWLRQPRGHOKDYHGHPRQVWUDWHGWKHSRWHQWLDOWRDGMXVW
WKHPDJQLWXGHDQGGHSWKRIUHVLGXDOVWUHVVHVWKURXJKFRQWURORIWKHUDWHRIKHDWWUDQVIHULQUDGLDODQGD[LDOGLUHFWLRQV
LQ D WKLFNZDOOHG F\OLQGHU 7KH HIIHFW RI WKLV RSHUDWLRQ SRVWFODGGLQJ LV XQNQRZQ KRZHYHU WKH SRVVLELOLW\ RI
JHQHUDWLQJFRPSUHVVLYHUHVLGXDOVWUHVVHVDWWKHVXUIDFHRIWKHFODGFRPSRQHQWVXJJHVWVWKDWWKLVZRXOGEHZRUWK\RI
IXUWKHULQYHVWLJDWLRQH[DPLQLQJWKHHIIHFWVVXFKDQRSHUDWLRQZRXOGKDYHRQERWKWKHUHVLGXDOVWUHVVVWDWHDQGWKH
PHWDOOXUJ\RIWKHMRLQW
7KHUHDUHYDULRXVSRVWFODGGLQJRSHUDWLRQVWKDWFRXOGEHXWLOLVHGWRLPSDFWJRDOV$%DQG&WRYDU\LQJGHJUHHV
6KRWSHHQLQJIRUH[DPSOH LVNQRZQWRLQGXFHFRPSUHVVLYHUHVLGXDOVWUHVVHV LQD WKLQVXUIDFHOD\HUZKLFKZRXOG
WKHUHIRUHDFKLHYHJRDO$WRVRPHH[WHQWKRZHYHUJRDOV%DQG&ZRXOGEHQRWEHDFKLHYHGWKURXJKVXFKUHODWLYHO\
VKDOORZVXUIDFH WUHDWPHQWV'XH WR WKHHIIHFWVRI VKRWSHHQLQJRQO\ OHDGLQJ WR LQFUHDVHGIDWLJXHSHUIRUPDQFH LQD
WKLQVXUIDFHOD\HULWLVXQOLNHO\WKDWWKHVHHIIHFWVZLOOEHDGHTXDWHLQDQDJJUHVVLYHHURVLYHFRUURVLYHHQYLURQPHQW
2QHPHWKRGZLWKSRWHQWLDOWRLQWURGXFHVLJQLILFDQWFKDQJHLVPHFKDQLFDODXWRIUHWWDJH>@


)LJ(OHPHQWVRIWKHIDWLJXHUHVLVWDQWFODGGLQJFRQFHSW
$XWRIUHWWDJHWKHRU\IRUDSUHVVXUL]HGF\OLQGHU
7KHSURFHVVRI DXWRIUHWWDJH LQGXFHV D FRPSUHVVLYH UHVLGXDO VWUHVV WKURXJK WKH DSSOLFDWLRQRI DSUHVVXUH LQ WKLV
FDVH WR LQFUHDVH WKH IDWLJXH OLIH RI D FRPSRQHQW 6XEMHFWLQJ D FRPSRXQG F\OLQGHU WR DXWRIUHWWDJH UHVXOWV LQ WKDW
F\OLQGHUSRVVHVVLQJDKLJKHUIDWLJXHUHVLVWDQFHFRPSDUHGZLWKDKRPRJHQHRXVF\OLQGHURIWKHVDPHGLPHQVLRQV>@
$FODGF\OLQGHULVLQHVVHQFHVLPLODUWRDFRPSRXQGF\OLQGHUGXHWRWKHFRPSRQHQWFRQVLVWLQJRIDQLQWHUQDOO\FODG
F\OLQGHUZLWK DQ H[WHUQDO F\OLQGHU QDPHO\ WKH VXEVWUDWH DQG DQ LQWHUQDO F\OLQGHU QDPHO\ WKH FODG OD\HU'XULQJ
ZHOGFODGGLQJDVKULQNILWSURFHVVHIIHFWLYHO\WDNHVSODFHEHWZHHQWKHVXEVWUDWHDQGWKHFODGOD\HU7KHGLIIHUHQFHLV
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RIFRXUVHWKDWLQWKHFODGFDVHWKHUHLVDZHOGHGMRLQWEHWZHHQWKHWZRF\OLQGHUVDVRSSRVHGWRDVKULQNILW7KHUHIRUH
DXWRIUHWWDJHRIWKHFODGF\OLQGHULVUHJDUGHGDVDEHQHILFLDODUHDRIVWXG\
7RGHWHUPLQHWKHFRUUHFWDXWRIUHWWDJHSUHVVXUHIRUDFHUWDLQFRPSRQHQWLWPXVWEHFRQVLGHUHGDWZKDWSUHVVXUHWKH
ZDOORIWKHF\OLQGHUZLOOEHLQDVWDWHRISODVWLFIORZ$F\OLQGHUVXEMHFWHGWRLQWHUQDOSUHVVXUHZLOOLQLWLDOO\EHJLQWR
H[SHULHQFH\LHOGLQJDWDSUHVVXUHpY.P.JLYHQE\
»
¼
º
«
¬
ª  

 b
abp PYPY W   
ĲY.P.LVWKHVKHDUVWUHVVDWWKH\LHOGSRLQWaWKHLQQHUUDGLXVDQGbWKHRXWHUUDGLXV
7KHPD[LPXPSUHVVXUHWKDWWKHFRPSRQHQWFDQZLWKVWDQGNQRZQDVWKHEXUVWLQJSUHVVXUHpburstLVUHODWHGLQWKH
IROORZLQJPDQQHUWRWKHXOWLPDWHWHQVLOHVWUHQJWKıult.DQGWKHUDWLRRIRXWHUWRLQQHUUDGLLK>@
Kp eultburst ORJV   
'XH WR WKH VHOIHTXLOLEUDWLQJ QDWXUH RI UHVLGXDO VWUHVVHV FODGGLQJ UHVLGXDO VWUHVVHV FDQEH DVVXPHG WR KDYHQR
HIIHFW RQ WKH WKHRUHWLFDO EXUVW SUHVVXUH OLNHZLVH LV WKH FDVH ZLWK VWUHVVHV DULVLQJ WKURXJK D VKULQNILW HIIHFW RU
DXWRIUHWWDJHSURFHVV7KURXJKRXWWKLVLQYHVWLJDWLRQDQHODVWLFSHUIHFWO\SODVWLFPDWHULDOKDVEHHQDVVXPHG
7KHSUHVVXUHUHTXLUHGIRUWKHHQWLUHZDOORIDSODLQF\OLQGHUWREHEURXJKWLQWRDVWDWHRISODVWLFIORZLVHTXDOWR
WKHQHJDWLYHRIWKHUDGLDOVWUHVVıraDWWKHLQQHUVXUIDFH>@
b
ap ePYru a ORJ WV     
7KHJHRPHWULFPHDQUDGLXVRG.M.LVJLYHQDVWKHJUHDWHVWGHSWKWRZKLFK\LHOGLQJLVVDIHO\SHUPLVVLEOH>@
 RRR MG    
7KH PD[LPXP DXWRIUHWWDJH SUHVVXUH FDQ WKHQ EH FDOFXODWHG EDVHG RQ WKH JHRPHWULF PHDQ UDGLXV XVLQJ WKH
IROORZLQJHTXDWLRQJLYHQE\+HDUQZKHUHR1DQGR2DUHWKHLQWHUQDODQGH[WHUQDOUDGLLUHVSHFWLYHO\
)RU D SUHVVXULVHG SODLQ F\OLQGHU \LHOGLQJ WR DQ\ UDGLXV Rp FDQ EH REWDLQHG E\ DSSO\LQJ WKH DSSURSULDWH
DXWRIUHWWDJHSUHVVXUHPA FDOFXODWHG WKURXJK WKH HTXDWLRQSURYLGHGE\ WKH+LJK3UHVVXUH7HFKQRORJ\$VVRFLDWLRQ
FRGHRISUDFWLFH>@
m
K
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y
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
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¬
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
:KHUHK=R2/R1DQGm=Rp/R1
7KHWKHRU\SUHVHQWHGGRHVQRWDFFRXQWIRUWKHELPHWDOOLFQDWXUHRIWKHZHOGFODGF\OLQGHU,QWKHFODGF\OLQGHUWKH
KLJKVWUHQJWKVXEVWUDWHZLOOVORZWKHSURJUHVVRI\LHOGWKURXJKWKHORZHUVWUHQJWKFODGDVWKHUHLVDJUHDWHUFRQVWUDLQW
RQWKHUDGLDOH[SDQVLRQRIWKHF\OLQGHU'XHWRWKLVELPHWDOOLFQDWXUHRIWKHF\OLQGHUPDQXDODGMXVWPHQWRIWKHLQSXW
SUHVVXUHVZDVUHTXLUHGWRREWDLQSUHVVXUHVDGHTXDWHWR\LHOGWRWKHGHVLUHGGHSWKIRUDVWUHVVIUHHFRPSRXQGF\OLQGHU
,QWKHFDVHRIDZHOGFODGPRGHOZLWKDQLQGXFHGVWUHVVVWDWHWKLVUHTXLUHVIXUWKHUDGMXVWPHQW
)RUWKHFDVHRID3+FODGZLWKDPXFKODUJHU\LHOGVWUHVV WKHSUHVVXUHUHTXLUHGIRUDXWRIUHWWDJHZRXOGEH
PXFKODUJHUWRDOORZWKHUHVXOWLQJFRPSUHVVLYHUHVLGXDOVWUHVVILHOGIURPWKHFODGGLQJRSHUDWLRQRIDURXQG03D
WREHWDNHQXSWRWKH\LHOGYDOXHRI3+03D7KLVLVYDVWO\GLIIHUHQWWREHJLQQLQJZLWKDVWUHVVIUHHVWDWH
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7KH ,QFRQHO  FODG KDV D WHQVLOH UHVLGXDO VWUHVV RI DURXQG 03D SRVWFODGGLQJ DQG WKHUHIRUHZRXOG QRW
UHTXLUHDVKLJKDQDXWRIUHWWDJHSUHVVXUHLQGLFDWLQJWKDWDXWRIUHWWDJHRIWKLVFDVHVKRXOGEHPRUHHDVLO\DWWDLQDEOH
6LPXODWLQJWKHDXWRIUHWWDJHSURFHVV
,QLWLDOO\DQDXWRIUHWWDJHSUHVVXUHZDVDSSOLHGWRDVWUHVVIUHHF\OLQGHUWRYHULI\WKHFRUUHFWLPSOHPHQWDWLRQRIWKH
DXWRIUHWWDJHSURFHVV$VDEHQFKPDUNDQXQFODGORZDOOR\FDUERQVWHHOF\OLQGHUZDVDQDO\VHGDQGFRPSDUHGWRWKH
WKHRUHWLFDOVROXWLRQSUHVHQWHGLQWKHSUHYLRXVVHFWLRQSURYLGLQJVDWLVIDFWRU\FRUUHODWLRQ
7KHZHOGFODGPRGHOLVVXEMHFWHGWRDSUHVVXUHRQWKHLQVLGHVXUIDFHXVLQJWKHDVFODGUHVLGXDOVWUHVVVWDWHVKRZQ
LQ)LJ
7ZRSUHVVXUHVDUHDSSOLHGDORZDQGDKLJKSUHVVXUHWRLQYHVWLJDWHWKHHIIHFWVRIDSSOLHGSUHVVXUHDQGWKHVFRSH
RIDXWRIUHWWDJLQJWKHFODGF\OLQGHU%RWKWKHGLVFRQWLQXLW\VWUHVVHVDQGVXUIDFHVWUHVVHVDUHRILQWHUHVWLQDQDO\VLVRI
WKHUHVXOWV
7KHFODGGLQJVLPXODWLRQ LVSHUIRUPHGZLWK WKHFODGPDWHULDOGHSRVLWHGDWPHOW WHPSHUDWXUHRQWR WKHSUHKHDWHG
F\OLQGHU7KHZKROHPRGHOLVWKHQFRROHGWRURRPWHPSHUDWXUHSULRUWRDQDXWRIUHWWDJHSUHVVXUHEHLQJDSSOLHGLQD
UDPSHGPDQQHUDWWKHGHVLUHGYDOXH0RGHOJHRPHWU\DQGSURSHUWLHVDUHVKRZQLQ)LJ
6LPXODWLRQXVLQJHVWLPDWHGSUHVVXUHYDOXHVLQGLFDWHGWKDWDSUHVVXUHRI03DZRXOGEHUHTXLUHGWR\LHOGWRD
GHSWKRIDSSUR[LPDWHO\PP
/RZDQGKLJKDXWRIUHWWDJHSUHVVXUHVRI03DDQG03DUHVSHFWLYHO\DUHDSSOLHGFKRVHQWRHQVXUHVXLWDEOH
GHSWKV RI \LHOGLQJ LQ WKH FODG F\OLQGHU 7KH SUHVVXUH LV WKHQ UHPRYHG E\ UDPSLQJ WKH SUHVVXUH EDFN WR ]HUR DQG
UHVLGXDOVWUHVVHVLQYHVWLJDWHG7KH9RQ0LVHV\LHOGFULWHULRQLVXVHGLQWKHVLPXODWLRQ


)LJ$XWRIUHWWDJHRIFODGF\OLQGHU,OOXVWUDWLQJPRGHOJHRPHWU\DQG\LHOGVWUHVVYDOXHV
5HVXOWV
7KHUHVXOWVIRUDVWHHOWKLFNZDOOHGF\OLQGHUFODGZLWK,QFRQHODUHSUHVHQWHGEHORZ
+RRSVWUHVVHVSRVVHVV WKHLUPD[LPXPFRPSUHVVLYHYDOXHDW WKH LQQHUVXUIDFH UHIOHFWHG LQ WKHSRVWDXWRIUHWWDJH
FXUYHIRUDORZDXWRIUHWWDJHSUHVVXUHLQ)LJ
([DPLQLQJWKHKRRSVWUHVVGLVWULEXWLRQLWLVREVHUYHGWKDWWKHLQLWLDOGDPDJLQJWHQVLOHUHVLGXDOVWUHVVWKURXJKRXW
WKHFODGOD\HUKDVEHHQWUDQVIRUPHGWREHQHILFLDOKLJKFRPSUHVVLYHOHYHOVDWERWKDXWRIUHWWDJHSUHVVXUHV$SSO\LQJD
ORZ DXWRIUHWWDJH SUHVVXUH RI 03D SURGXFHV KLJK FRPSUHVVLYH UHVLGXDO VWUHVVHV LQ WKH FODG OD\HU DQG ORZHUV
WHQVLOH UHVLGXDO VWUHVVHV LQ WKH VXEVWUDWH ZLWK GLVFRQWLQXLW\ VWUHVVHV DW WKH FODGVXEVWUDWH ERXQGDU\ DOVR UHGXFHG
$SSO\LQJDKLJKDXWRIUHWWDJHSUHVVXUHRI03DSURGXFHVKLJKFRPSUHVVLYHUHVLGXDOVWUHVVHVLQWKHFODGOD\HUDQG
LQWRWKHVXEVWUDWHDORQJVLGHDFRPSUHVVLYHGLVFRQWLQXLW\VWUHVVDWWKHLQWHUIDFH7KLVFRPSUHVVLYHGLVFRQWLQXLW\VWUHVV
PD\EHGHVLUDEOHGHSHQGLQJRQWKHPHWDOOXUJ\RIWKHMRLQWDQGWKHUHVXOWLQJPHFKDQLFDOSURSHUWLHVDFKLHYHGIRUWKH
GLVVLPLODU PDWHULDOV DW WKH MRLQW $OWKRXJK D FRPSUHVVLYH GLVFRQWLQXLW\ VWUHVV LV IDYRXUDEOH LQ SUHYHQWLQJ FUDFN
LQLWLDWLRQDWWKLVORFDWLRQWKHLVVXHRIGLVVLPLODUPDWHULDOVDQGWKHUHIRUHGLVVLPLODULW\LQPDWHULDOSURSHUWLHVUHPDLQV
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
)LJ(IIHFWVRIDXWRIUHWWDJHRQKRRSUHVLGXDOVWUHVV,QFRQHOFODGF\OLQGHU
&RPSUHVVLYHUHVLGXDOKRRSVWUHVVHVH[LVWWRDGHSWKRIDURXQGPPRUWKUHHFODGOD\HUWKLFNQHVVHVIRUWKHFDVH
RIKLJKDXWRIUHWWDJHSUHVVXUH7KHVDPHOHYHORIFRPSUHVVLYHUHVLGXDOKRRSVWUHVVHVUHVXOWLQWKHFODGOD\HUIRUERWK
DXWRIUHWWDJHSUHVVXUHVDVVKRZQLQ)LJGXHWRWKHXVHRIWKHVDPH\LHOGLQWHQVLRQDQGFRPSUHVVLRQ
&DOFXODWLQJ WKH WKHRUHWLFDO DXWRIUHWWDJH SUHVVXUH UHTXLUHG WR \LHOG WR D GHSWK RI PP XVLQJ WKH HTXDWLRQ
SUHVHQWHGSUHYLRXVO\WR\LHOGWRDQ\UDGLXVUHVXOWV LQDYDOXHRI03D7KLVYDOXHLVFRPSDUDEOHZLWKWKHKLJK
DXWRIUHWWDJHSUHVVXUHRI03DLOOXVWUDWLQJWKDW\LHOGLQJLQWRWKHVXEVWUDWHDOORZVWKHXVHRIWKHRUHWLFDOFDOFXODWLRQV
WR SURYLGH SUHVVXUH LQGLFDWLRQV 7KH GLVFUHSDQF\ LQ SUHVVXUH YDOXHV DOVR FRQILUPV WKH H[SHFWDWLRQ WKDW WKH KLJK
VWUHQJWKVXEVWUDWHVORZVWKHSURJUHVVLRQRI\LHOGWKURXJKWKHORZHUVWUHQJWKFODGPDWHULDODVVWDWHGSUHYLRXVO\
$VUHVLGXDOVWUHVVHVDUHLQWKHLUQDWXUHVHOIHTXLOLEUDWLQJLWZDVYHULILHGWKDWUHVLGXDOVWUHVVSDWKSORWVUHVXOWHGLQ
VHOIHTXLOLEUDWLRQRIUHVLGXDOVWUHVVHV,IKRZHYHUDQ\PDFKLQLQJRUFXWWLQJRIWKHF\OLQGHUZHUHWRWDNHSODFHWKH
VHOIHTXLOLEUDWLQJVWUHVVGLVWULEXWLRQZRXOGEHDOWHUHGDQGWKLVPXVWEHFRQVLGHUHGLQWKHPDQXIDFWXULQJSURFHVVDQG
WKHSUHSDUDWLRQRIWKHFRPSRQHQWIRURSHUDWLRQ
$VPHQWLRQHG SUHYLRXVO\ \LHOGLQJ WR WKH JHRPHWULFPHDQ UDGLXVZDV DOVR FRQVLGHUHG DV WKLV LV JHQHUDOO\ WKH
PD[LPXP DOORZDEOH DXWRIUHWWDJH UDGLXV SUHVHQWHG LQ WKH VWDQGDUGV >@ +RZHYHU LW LV UHFRJQL]HG WKDW IURP D
SUDFWLFDO DQG HFRQRPLF SRLQW RI YLHZ WKH KLJK DXWRIUHWWDJH SUHVVXUH RI  03D XWLOLVHG LQ WKLV VLPXODWLRQ LV
GHPDQGLQJ
'LVFXVVLRQ
,QF\FOLFDOO\ORDGHGFRPSRQHQWVRSHUDWLQJLQDFRUURVLYHHURVLYHHQYLURQPHQWWKHSRWHQWLDORIWKHDERYHIDWLJXH
UHVLVWDQWFRDWLQJDQGFODGGLQJFRQFHSWLVFOHDU:KLOHERWKWKHDVFODGUHVLGXDOVWUHVVHVDQGWKHDXWRIUHWWDJHUHVXOWV
IRUDSODLQF\OLQGHUKDYHEHHQVXFFHVVIXOO\YDOLGDWHGLWZRXOGEHRILQWHUHVWWRFRQGXFWH[SHULPHQWDOYDOLGDWLRQRI
WKH DXWRIUHWWDJH VLPXODWLRQ ILQGLQJV RI ,QFRQHO  FODG RQ D  VWHHO WKLFNZDOOHG F\OLQGHU )URP ERWK D
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VLPXODWLRQDQGH[SHULPHQWDOSHUVSHFWLYHHYDOXDWLRQ LV UHTXLUHGDV WR WKHDGYDQWDJHVRIXVLQJDQ,QFRQHOFODG
F\OLQGHU VXEMHFWHG WR DXWRIUHWWDJH DV RSSRVHG WR D F\OLQGHU FODG ZLWK  3+ VWDLQOHVV VWHHO $  3+ FODG
SURGXFHVFRPSUHVVLYHUHVLGXDOVWUHVVHVWKURXJKWKHFODGGLQJSURFHVVZLWKQRQHHGIRUVXFKDSRVWFODGGLQJRSHUDWLRQ
1$&(UHJXODWLRQVGRQRWVSHFLILFDOO\FRQVLGHUWKHFDVHRIDFODGOD\HUZLWKVLJQLILFDQWFRPSUHVVLYHUHVLGXDOVWUHVVHV
WKURXJKWKHWKLFNQHVV$KLJKO\FRPSUHVVLYHUHVLGXDOVWUHVVWKURXJKRXWWKHFODGOD\HULVOLNHO\WRPLWLJDWHHIIHFWVRI
FUDFNLQJLQDK\GURJHQVXOSKLGHHQYLURQPHQWDQGWKHUHIRUHWKLVFRXOGEHPRUHGHVLUDEOHLIPDWHULDOVXWLOLVHGDFKLHYH
UHTXLUHGVWDQGDUGVDVGLFWDWHGE\1$&(>@
$QDO\VLVRIWKHIDWLJXHOLIHRIDFRPSRQHQWVKRXOGEHFDUHIXOO\FRQGXFWHGDVWKHWHQVLOHRUFRPSUHVVLYHQDWXUHRI
UHVLGXDOKRRSVWUHVVHVGRQRWQHFHVVDULO\SURYLGHDFFXUDWH LQGLFDWLRQVRI LPSURYHPHQW LQIDWLJXHSHUIRUPDQFHEXW
UDWKHUGHPRQVWUDWHWKHDELOLW\RIWKHFRPSRQHQWWREHDUDORDG>@
$WSUHVHQWDVFODGUHVLGXDOVWUHVVHVKDYHEHHQYDOLGDWHGDVZHOODVDXWRIUHWWDJHVLPXODWLRQVIRUDSODLQF\OLQGHU
EHQFKPDUNHGDJDLQVWDYDLODEOHWKHRUHWLFDOVROXWLRQV9DOLGDWLRQLVDNH\FXUUHQWDUHDRILQYHVWLJDWLRQDQGSURPLVHLV
DOVRVKRZQIRUVWXG\LQJWKHHIIHFWVRIDXWRIUHWWDJHRQD3+FODGRQVWHHOVXEVWUDWH 7KHVWDLQOHVVVWHHO
FODG FRPSRQHQW GRHV QRW VWULFWO\ UHTXLUH DXWRIUHWWDJH GXH WR WKH FRPSUHVVLYH UHVLGXDO VWUHVV ILHOG SUHVHQW SRVW
FODGGLQJKRZHYHU LWZRXOGRI LQWHUHVW WR LQYHVWLJDWH WKHHIIHFWRI DXWRIUHWWDJHRQ WKHGLVFRQWLQXLW\ VWUHVVHVDW WKH
FODGVXEVWUDWHERXQGDU\
7.1. Material hardening 
$QHODVWLFSHUIHFWO\SODVWLFPDWHULDOPRGHOKDVEHHQXVHG LQ WKLV LQYHVWLJDWLRQ DQG WKHUHIRUH LQ IXWXUHERWK WKH
ZHOGFODGGLQJVLPXODWLRQDQGWKHDXWRIUHWWDJHSURFHVVVKRXOGEHGHYHORSHGWRDFFRXQWIRUVWUDLQKDUGHQLQJ
&RPSUHVVLYHUHVLGXDOVWUHVVHVSURGXFHGLQWKHFDVHRIDQHODVWLFSHUIHFWO\SODVWLFPDWHULDOPRGHODUHWKRXJKWWREH
KLJKHUWKDQWKHVWUHVVHVWKDWZRXOGKDYHEHHQSURGXFHGKDGDVWUDLQKDUGHQLQJPRGHOEHHQDSSOLHGDVWKLVZDVWKH
FDVHIRUDQDXWRIUHWWDJHGFRPSRXQGF\OLQGHUGXHWRWKH%DXVFKLQJHUHIIHFW>@
7KH VWUDLQ KDUGHQLQJ SRWHQWLDO RI WKHPDWHULDOV XQGHU LQYHVWLJDWLRQZDV FRQVLGHUHG WKURXJK FDOFXODWLRQ RI WKH
UDWLRV RI WHQVLOH VWUHQJWK WR \LHOG VWUHQJWK 7KH UHVXOWLQJ YDOXHV LQGLFDWLQJ WKH SRWHQWLDO IRU WKHPDWHULDO WR VWUDLQ
KDUGHQDUHSURYLGHGLQ7DEOH7KHVHUDWLRVZHUHFDOFXODWHGXVLQJH[SHULPHQWDOGDWDIRUUHSUHVHQWDWLYHDVFODGDQG
+$=PDWHULDOV
7DEOH7HQVLOHDQG\LHOGVWUHQJWKUDWLRV
0DWHULDO 876<6
,QFRQHOFODG 
3+FODG 
,QFRQHO 

7DEOHSURYLGHVWKHFULWHULDSUHVHQWHGE\3DYOLQDDQG9DQ7\QH>@6WUDLQKDUGHQLQJSRWHQWLDOUDQJHVLQGLFDWH
WKDWERWKKHDWDIIHFWHG]RQHV+$=DQG3+KDYHDORZVWUDLQKDUGHQLQJSRWHQWLDOZKLOH,QFRQHOKDV
D KLJK VWUDLQ KDUGHQLQJ SRWHQWLDO 7KH VWUHVV JUDGLHQW LQ WKH SODVWLF UHJLRQ LV VWHHSHU IRU  3+ WKDQ  DV
LOOXVWUDWHGLQWKHVWUHVVVWUDLQWUHQGVSURYLGHGLQ>@GHPRQVWUDWLQJJUHDWHUSRWHQWLDOIRU3+WRVWUDLQKDUGHQ
7KLVVXJJHVWLRQIXUWKHUKLJKOLJKWVWKHUHTXLUHPHQWWRLQYHVWLJDWHPDWHULDOKDUGHQLQJERWKLQUHDOLW\DQGLQWKHILQLWH
HOHPHQWPRGHO
7DEOH6WUDLQKDUGHQLQJSRWHQWLDO
5DWLR 6WUDLQKDUGHQLQJSRWHQWLDO
876<6İ /RZ
876<6 0HGLXP
876<6ı +LJK

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,WVKRXOGEHQRWHGWKDWGXHWRPDWHULDOVKDYLQJOLWWOHVWUHQJWKDERYHDWHPSHUDWXUHRI&LWLVXQOLNHO\WKDWWKH
PDWHULDOSURSHUWLHVZLOOJUHDWO\ LPSDFW WKHDVFODGUHVLGXDOVWUHVVVWDWHDW WKHVH WHPSHUDWXUH OHYHOVGXULQJ WKHZHOG
FODGGLQJSURFHVV>@7KHUHIRUHKDUGHQLQJZLOOQRWEHDVSURPLQHQWDWKLJKHUWHPSHUDWXUHV0RGHOUHVXOWVXVLQJDQ
HODVWLFSHUIHFWO\ SODVWLF PDWHULDO PRGHO DUH VKRZQ LQ WKLV SDSHU WR SURYLGH JRRG FRUUHODWLRQ ZLWK H[SHULPHQWDO
UHVLGXDOVWUHVVHVFRQILUPLQJWKHVHFRQGDU\LPSRUWDQFHRIDKDUGHQLQJPRGHODWWKLVVWDJH
$SDUDPHWULFVWXG\LQWRPXOWLSDVVEXWWZHOGHGVWDLQOHVVVWHHOSLSHVKLJKOLJKWHGWKDWWKHKRRSVWUHVVFRPSRQHQW
DSSHDUVPRUHFRPSOH[WRFDSWXUHGXHWRLQFUHDVHGVHQVLWLYLW\WRFRQVWLWXWLYHPRGHOVDQGWKHYLVLEOHHIIHFWVRISKDVH
WUDQVIRUPDWLRQVLQ WKLVVWUHVVFRPSRQHQW>@7KLV LV WKHFDVHLQQRQV\PPHWULFDOPRGHOOLQJFDVHV,Q WKHFDVHRI
PRGHOOLQJLQDQD[LV\PPHWULFPDQQHUVWUHVVFRPSRQHQWVZLOOQRWGHPRQVWUDWHVXFKYDULDWLRQV
7KHZHOGPDWHULDODQGPDWHULDOLQWKHYLFLQLW\RIWKHZHOGZLOOH[SHULHQFHUHYHUVHSODVWLF\LHOGLQJXSRQFRROLQJ
7KLV UHTXLUHV FRQVLGHUDWLRQZKHQ LPSOHPHQWLQJ D KDUGHQLQJPRGHO DV VWUHVVHVZLOO YDU\ GHSHQGLQJRQ WKHPRGHO
XVHG7KHPRVWFRPPRQO\XVHGPRGHOLVWKHOLQHDULVRWURSLFKDUGHQLQJPRGHO>@
$ VWXG\RI ,QFRQHOZHOGDQGEXWWHULQJZLWK/SLSHDQG$ IRUJLQJFRQFOXGHG WKDWKRRS VWUHVVHV
ZHUH PRVW DFFXUDWHO\ FDSWXUHG ZKHQ XVLQJ D PL[HG LVRWURSLFNLQHPDWLF KDUGHQLQJ FRQVWLWXWLYH PRGHO 7KLV LV
XQGHUVWDQGDEOHDVWKHLQFOXVLRQRIWKH%DXVFKLQJHUHIIHFWDQGVRIWHQLQJRIWKHPDWHULDOZLOOEHWKHFDVHLQUHDOLW\IRU
D F\FOLFDOO\ ORDGHG FRPSRQHQW 1HJOHFWLQJ WKLV ZLOO RI FRXUVH LPSDFW UHVXOWLQJ VWUHVVHV ,VRWURSLF DQG NLQHPDWLF
KDUGHQLQJPRGHOVUHVXOWHGLQFRQVHUYDWLYHKRRSVWUHVVHVDOWKRXJKLQWKHFDVHRILVRWURSLFKDUGHQLQJVWUHVVHVZHUH
PRVW FRQVHUYDWLYH >@7KLV VWXG\ LQ IDFW FRQFOXGHG WKDW WKH FRQVWLWXWLYHPRGHO LVRQHRI WKHJUHDWHVW LQIOXHQWLDO
IDFWRUV LQ VXFFHVVIXOO\ PRGHOOLQJ UHVLGXDO VWUHVV JHQHUDWLRQ GXH WR ZHOGLQJ +RZHYHU WKLV VWXG\ LQYHVWLJDWHV
SUHVVXULVHUQR]]OHGLVVLPLODUPHWDOZHOGVDQGWKHUHIRUHGRHVQRWSRVVHVVWKHVDPHD[LV\PPHWULFQDWXUHRIWKHZHOG
FODGGLQJSURFHVVLQYHVWLJDWHGKHUHLQ
$PL[HGLVRWURSLFNLQHPDWLFKDUGHQLQJPRGHOZDVIXUWKHUIRXQGWRSURYLGHWKHPRVWDFFXUDWHSRVWZHOGUHVLGXDO
VWUHVVILHOGLQDVWDLQOHVVVWHHOVORWZHOGPHQWFRQVLVWLQJRIWKUHHSDVVHV>@
$FFRXQWLQJ IRUZRUNKDUGHQLQJ LQ D VLPXODWLRQPRGHOZDVKRZHYHUQRW IRXQG WRSURGXFHJUHDWGLIIHUHQFHV LQ
UHVXOWLQJUHVLGXDOVWUHVVHVLQPXOWLSDVVEXWWZHOGHGDXVWHQLWLFVWDLQOHVVVWHHOSLSHV>@7KHUHIRUHLWLVGLIILFXOWWR
FRQFOXGH ZLWKRXW IXUWKHU LQYHVWLJDWLRQ DQG REWDLQLQJ RI DFFXUDWH VWUHVVVWUDLQ GDWD WKH LQIOXHQFH RI PDWHULDO
KDUGHQLQJLQWKHIDWLJXHUHVLVWDQWFODGGLQJWHFKQRORJ\
3UHFROGZRUNLQJDPDWHULDOFDQEHXVHGWRUHGXFHWKHDPRXQWRIVWUDLQKDUGHQLQJGXULQJPDFKLQLQJ7KLVPD\EH
SRVVLEOHXVLQJ WKH DXWRIUHWWDJHSURFHVV LQGXFLQJ FRPSUHVVLYH UHVLGXDO VWUHVVHVZKLOVW HDVLQJPDFKLQLQJKRZHYHU
IXUWKHULQYHVWLJDWLRQLVUHTXLUHGKHUH
:LWKUHJDUGV WR WKHDSSOLFDWLRQRIDXWRIUHWWDJH WRDZHOGFODGF\OLQGHU WKHILQLWHHOHPHQWPRGHOZRXOGDOVREH
GHYHORSHG WR LQFOXGH D PDWHULDO PRGHO DFFRXQWLQJ IRU VWUDLQ KDUGHQLQJ SRVVLEO\ %DXVFKLQJHU HIIHFWV DV ZHOO DV
YDOLGDWRU\WHVWLQJDQGH[SHULPHQWDOUHVLGXDOVWUHVVPHDVXUHPHQWV7KLVYDOLGDWHGILQLWHHOHPHQWPRGHOZRXOGWKHQEH
XVHGWRREWDLQSURGXFWLRQYDOXHVIRUDXWRIUHWWDJHSUHVVXUHV
*RRGFRUUHODWLRQIRU UHVLGXDOVWUHVVHVKDVEHHQSUHVHQWHGEHWZHHQVLPXODWLRQDQGH[SHULPHQW LQ WKHFDVHRIDQ
,QFRQHO  FODG DOWKRXJK WKH VLPXODWLRQPRGHO GRHV QRW DFFRXQW IRU WKH VWUDLQ KDUGHQLQJ RI WKH FODGPDWHULDO
$OWKRXJKVWUDLQKDUGHQLQJSRWHQWLDOKDVEHHQLQGLFDWHGDVORZGXHWRWKHFRPSOH[LW\RIWKHPRGHOOLQJRIWKH
SUHFLSLWDWLRQKDUGHQLQJPDUWHQVLWLFFODGPDWHULDOWKHHIIHFWVRIVWUDLQKDUGHQLQJVKRXOGEHLQYHVWLJDWHG
,GHDOO\H[SHULPHQWDOSRVW\LHOGWHQVLOHWHVWGDWDZRXOGEHXVHGWRGHULYHDPXOWLOLQHDUKDUGHQLQJPRGHO$FFHVV
WROLPLWHGSXEOLVKHGGDWD>@IRUDWUXHVWUHVVVWUDLQFXUYHIRUQRQZHOGHGVXEVWUDWHDQGFODGPDWHULDOVZRXOGDOORZ
SUHOLPLQDU\ LQYHVWLJDWLRQ LQWR WKH HIIHFWV RI KDUGHQLQJ RQ WKH FODGGLQJ DQG DXWRIUHWWDJH SURFHVVHV +RZHYHU LW
ZRXOG DOVR EH GHVLUDEOH WR H[SHULPHQWDOO\ REWDLQ WHPSHUDWXUHGHSHQGHQW VWUDLQ KDUGHQLQJ GDWD 7KLV FRXOG EH
XQGHUWDNHQXVLQJDQHOHFWURWKHUPDOPHFKDQLFDOWHVW(707DVGHVFULEHGLQ>@7KHUPRFRXSOHVDQGGLJLWDOLPDJH
FRUUHODWLRQ FDQ EH XWLOLVHG WR REVHUYH YDULDWLRQV LQ VWUDLQ GXULQJ WHVWLQJ DQG VSHFLPHQV WHVWHG DW UHTXLUHG
WHPSHUDWXUHVWRREWDLQDFFXUDWHUHSUHVHQWDWLRQVRIPDWHULDOKDUGHQLQJ
7.2. Assuming an idealised interface 
&DSWXULQJ DFFXUDWH UHVLGXDO VWUHVV GLVWULEXWLRQV WKURXJK ILQLWH HOHPHQW PRGHOOLQJ UHOLHV KHDYLO\ XSRQ GHWDLOHG
FKDUDFWHULVDWLRQRIWKHPDWHULDOVLQYHVWLJDWHG,QWKHFXUUHQWPRGHODQLGHDOLVHGLQWHUIDFHLVDVVXPHGVXFKWKDWWZR
VHWV RIPDWHULDO SURSHUWLHV DUH DVVLJQHG WR WKH VHSDUDWH UHJLRQV RI WKH FODG OD\HU DQG WKH VXEVWUDWH7KLV GRHV QRW
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DFFRXQW IRU GLIIXVLRQ DQG DOOR\LQJ HIIHFWV GXH WR WKH ZHOG FODGGLQJ SURFHVV ,W KDV EHHQ REVHUYHG WKURXJK
PHWDOOXUJLFDOH[DPLQDWLRQDQGH[SHULPHQWDOPDWHULDOSURSHUW\WHVWLQJWKDWERWKWKHPLFURVWUXFWXUHDQGWKHUPDODQG
PHFKDQLFDOSURSHUWLHVYDU\WKURXJKWKHFODGOD\HU+$=DQGLQWRWKHVXEVWUDWH7KHVHYDULDWLRQVDUHLOOXVWUDWHGLQWKH
PLFURVHFWLRQVKRZQLQ)LJ
6XFKDVVXPSWLRQVZLOOLPSDFWWKHUHVLGXDOVWUHVVGLVWULEXWLRQREWDLQHG7KHUHVLGXDOVWUHVVGLVWULEXWLRQLOOXVWUDWHG
LQ)LJLQGLFDWHVODUJHGLVFRQWLQXLW\VWUHVVHVDWWKHLQWHUIDFHDQGWKHVHDUHOLNHO\WREHH[DJJHUDWHGGXHWRWKHIDFW
WKDWWKHHIIHFWVRIDOOR\LQJDQGGLIIXVLRQDUHQRWDFFRXQWHGIRU5HVLGXDOVWUHVVPHDVXUHPHQWVREWDLQHGWRDGHSWKRI
PPXVLQJ ,&+'GRQRWSURYLGH UHVXOWV LQ WKLV UHJLRQ DQG WKHUHIRUH DOWHUQDWLYHPHDQVRI LQYHVWLJDWLQJ UHVLGXDO
VWUHVVHVLQWKHYLFLQLW\RIWKHLQWHUIDFHDUHUHTXLUHG
7KHFRQWRXUPHWKRGDGHVWUXFWLYHPHWKRGRIUHVLGXDOVWUHVVPHDVXUHPHQWZDVILUVWLQWURGXFHGE\3ULPHLQ
>@7KHFRQFHSWFRQVLVWVRIWKHVHFWLRQLQJRIWKHFRPSRQHQWFDXVLQJWKHUHOHDVHRIUHVLGXDOVWUHVVHV0HDVXUHPHQW
RIWKHFRQWRXULVXQGHUWDNHQIROORZHGE\WKHIRUFLQJRIWKHVXUIDFHWRWKHRULJLQDOVWDWHXVLQJDILQLWHHOHPHQWPRGHO
7KLVPHWKRGLVDGYDQWDJHRXVLQWKDWLWDOORZVPHDVXUHPHQWRIPDFURVWUHVVHVRYHUDWZRGLPHQVLRQDOVWUHVVPDSRID
FRPSRQHQW RYHU WKH HQWLUH FXW VHFWLRQ >@ 7KH FRPSRQHQW FDQ EH RI VLPSOH RU FRPSOH[ JHRPHWU\ &XUUHQW
LQYHVWLJDWLRQ RI WKH UHVLGXDO VWUHVVHV LQ ZHOG FODG FRPSRQHQWV LV SURYLGLQJ DQ LQVLJKW LQWR WKH UHVLGXDO VWUHVVHV
WKURXJKRXW WKH FODG OD\HU DQG DFURVV WKH FODGVXEVWUDWH LQWHUIDFH )LJ  LOOXVWUDWHV WKH UHVLGXDO VWUHVV GLVWULEXWLRQ
REWDLQHG IRU D FODG EORFN7HQVLOH GLVFRQWLQXLW\ VWUHVVHV KDYH EHHQ VKRZQ WR EH SUHVHQW LQ UHDOLW\ KRZHYHU WR D
OHVVHUH[WHQWWKDQLQGLFDWHGLQWKHFXUUHQWILQLWHHOHPHQWPRGHO1RQHWKHOHVVDXWRIUHWWDJHZLOOKDYHEHQHILFLDOHIIHFWV
RQWKHDVFODGUHVLGXDOVWUHVVHV


)LJ,QFRQHOFODGPLFURVHFWLRQ,OOXVWUDWLQJYDU\LQJPLFURVWUXFWXUHVGXHWRDOOR\LQJDQGGLIIXVLRQ

)LJ5HVLGXDOVWUHVVGLVWULEXWLRQREWDLQHGIRUDFODGEORFN±5HVXOWVFRXUWHV\RIWKH2SHQ8QLYHUVLW\
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,WLVDOVRH[SHFWHGWKDWWKHUHVXOWVRIWKH,&+'DQGFRQWRXUPHWKRGZLOOSURYLGHDFRPSOLPHQWDU\UHSUHVHQWDWLRQ
RIWKHUHVLGXDOVWUHVVGLVWULEXWLRQLQDZHOGFODGFRPSRQHQWDVLWKDVEHHQVKRZQWKDW,&+'UHVXOWVSURYLGHUHVXOWV
VHQVLWLYHWRVXUIDFHVWUHVVIOXFWXDWLRQDQGWKHFRQWRXUPHWKRGZLOOSURYLGHDGHWDLOHGUHSUHVHQWDWLRQRIVWUHVVHVDFURVV
WKHHQWLUHVHFWLRQ
&RQFOXVLRQV
0HFKDQLFDO DXWRIUHWWDJH LV VKRZQ WREHDSRVWFODGGLQJSURFHVVZLWK WKHSRWHQWLDO WR VLJQLILFDQWO\ LPSURYH WKH
UHVLGXDOVWUHVVGLVWULEXWLRQ LQDVWHHOF\OLQGHUFODGZLWK ,QFRQHO5HVXOWVVKRZWKHHOLPLQDWLRQRI WHQVLOH
UHVLGXDOVWUHVVHVWKURXJKRXWWKH,QFRQHOZHOGFODG7KHSRWHQWLDODOVRH[LVWVWRHOLPLQDWHWKHKLJKGLVFRQWLQXLW\
VWUHVVHVDW WKHFODGVXEVWUDWHERXQGDU\DQG LQGXFHFRPSUHVVLYH UHVLGXDO VWUHVVHVZHOO LQWR WKH VXEVWUDWH7KLVZLOO
VLJQLILFDQWO\HQKDQFHWKHIDWLJXHSHUIRUPDQFHRIKLJKVWUHQJWKFRPSRQHQWVFODGZLWK,QFRQHO
,QREVHUYLQJWKHHIIHFWRIDXWRIUHWWDJHSUHVVXUHRQKRRSVWUHVVHVLWLVVHHQWKDWDQLQFUHDVHLQSUHVVXUHEHWZHHQ
ORZDQGKLJKSUHVVXUHYDOXHVGRHVQRWFDXVHDQRWDEOHGLIIHUHQFHLQFRPSUHVVLYHUHVLGXDOVWUHVVHVLQWKHFODGOD\HU
OLPLWHG GXH WR WKH \LHOG VWUHVV IRU WKH FODG PDWHULDO +RZHYHU WKH QRWDEOH GLIIHUHQFH DULVHV LQ WKH HIIHFW RI
DXWRIUHWWDJHSUHVVXUHRQWKHGLVFRQWLQXLW\VWUHVVHVDWWKHLQWHUIDFHDQGQDWXUHRIUHVLGXDOKRRSVWUHVVLQWKHVXEVWUDWH
$ORZHUDXWRIUHWWDJHSUHVVXUHUHVXOWVLQDODUJHGLVFRQWLQXLW\VWUHVVDQGHYHQWKHKLJKHUDXWRIUHWWDJHSUHVVXUHDSSOLHG
LVQRWODUJHHQRXJKWR\LHOGWKHORZDOOR\FDUERQVWHHOVXEVWUDWH
7KH ILQGLQJV SUHVHQWHG GR KRZHYHU VXFFHVVIXOO\ GHPRQVWUDWH WKH SRWHQWLDO UHGXFWLRQ RI GLVFRQWLQXLW\ VWUHVVHV
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